The study of the ecology of soil microbial communities at relevant spatial scales is primordial in the wide Amazon region due to the current land use changes. In this study, the diversity of the Archaea domain (community structure) and ammonia-oxidizing Archaea (richness and community composition) were investigated using molecular biology- (H' = 1,9629; D = 0,1715), cultivo agrícola (H' = 1,4613; D = 0,3309) e floresta secundária (H' = 0,8633; D = 0,5405 
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SUMMARY
The study of the ecology of soil microbial communities at relevant spatial scales is primordial in the wide Amazon region due to the current land use changes. In this study, the diversity of the Archaea domain (community structure) and ammonia-oxidizing Archaea (richness and community composition) were investigated using molecular biology-based techniques in different land-use systems in western Amazonia, Brazil. Soil samples were collected in two periods with high precipitation (March 2008 and January 2009) from Inceptisols under primary tropical rainforest, secondary forest (5-20 year old), agricultural systems of indigenous people and cattle pasture. Denaturing gradient gel electrophoresis of polymerase chain reaction-amplified DNA (PCR-DGGE) using the 16S rRNA gene as a biomarker showed that archaeal community structures in crops and pasture soils are different from those in primary forest soil, which is more similar to the community structure in secondary forest soil. Sequence analysis of excised DGGE bands indicated the presence of crenarchaeal and euryarchaeal organisms. (H' = 2,1486; D = 0,1366) , seguido por menor diversidade em solos sob pastagem (H' = 1,9629; D = 0,1715), cultivo agrícola (H' = 1,4613; D = 0,3309) e floresta secundária (H' = 0,8633; D = 0,5405 
INTRODUCTION
Archaea constitute one of the three major evolutionary lineages of life on Earth (Woese, 1987; Woese et al., 1990) . For the last two decades, Archaea have been the focus of a growing number of studies on microbial ecology due to their ubiquity and abundance in various natural and anthropogenically influenced terrestrial ecosystems, such as arable land, grassland and forest soils (reviewed by Chaban et al., 2006) . Some Archaea carry the ammonia monooxygenase subunit A (amoA) gene (Venter et al., 2004) , which can be up to 3.000-fold more abundant than bacterial amoA genes in soil (Leininger et al., 2006) . The ubiquity of archaeal ammonia oxidizers has been indicated in multiple habitats, such as oxic and suboxic marine water bodies, estuarine sediments, temperate soils (Francis et al., 2005) and Amazonian anthrosols .
The Amazon contains the world's largest area of contiguous tropical forest and is constantly affected by high rates of deforestation and conversion to cattle pasture and other agricultural uses. In this context, Brazil has been slowing down deforestation by trying to make better use of already cleared land (Tollefson, 2010) . However, the establishment of policies for the sustainable use of land in the Amazon region requires considering not only the diversity of flora and fauna but also the aspects of microbial ecology and biogeochemistry represented in this region as well (Piccolo et al., 1994; Borneman & Triplett, 1997; Moraes et al., 2002; Cenciani et al., 2009; Chaves et al., 2009; Jesus et al., 2009; O'Neill et al., 2009; Pazinato et al., 2010) .
Although members of soil Archaea are difficult to culture, molecular studies have demonstrated the presence of archaeal 16S rRNA gene sequences in agricultural, grassland and forest soils, but these were dominated by sequences typical of Crenarchaeota (Bintrim et al., 1997; Jurgens et al., 1997) . Recent molecular studies have increased indications for the importance of archaeal ammonia oxidizers in the nitrogen cycle (reviewed by Jetten, 2008; Prosser & Nicol, 2008; Schauss et al., 2009) , thus compelling us to investigate the effect of different land-use systems on archaeal communities and, more specifically, ammonia oxidizers in tropical soils.
The aim of this study was to assess the effects of current land-use systems on the genetic and functional diversity of Archaea in soils of different landscape types in the Brazilian western Amazon that were previously covered with native tropical rainforest. Polymerase chain reaction (PCR) amplification targeting the universal archaeal 16S rRNA gene and a further denaturing gradient gel electrophoresis (DGGE) fingerprinting method were used to determine the community structure of soil Archaea. Archaeal amoA gene clone libraries were used to evaluate the richness and community composition of ammoniaoxidizing Archaea.
MATERIALS AND METHODS

Field sites
The studied sites are located in Benjamin Constant, a municipality in the State of Amazonas, Brazil, (between 4°35' and 4°42' S and 69°60' and 70°01' W) , along the Solimões River (Figure 1 ). The climate in the region is classified as Af (Köppen's classification), with an annual average temperature of 25.7 °C and an average precipitation of 2562 mm . At all sampling points considered in this study, the soil type was Inceptisol . The deforestation rate in this region is low, mainly due to the difficulty of access and low population density. The Amazonian landscapes were identified by satellite images and selected according to the vegetation cover, soil use and management practices (Table 1, Figure 1 ). The dominant use and land cover in the six different landscapes studied were: primary forest, secondary forest, crops and pasture. In this region, the agricultural systems of indigenous people are primarily based on slash-and-burn, annual crops in shifting cultivation and a long fallow period, which involves the abandonment of areas to allow natural regeneration which involves a fallow period for approximately three years . Some pasture areas are also present as a consequence of governmental policies implemented in the 1970s. Amendments, fertilizers and pesticides were not applied in any of the land-use systems.
Sampling procedure and DNA extraction
Soil was sampled in the rainy seasons, in March 2008 and January 2009. Samples were collected from the 0-20 cm topsoil layer using a cylindrical sampler (diameter 5 cm) after removing the litter layer. Three soil samples were collected from each land use system considered in this study -primary forest, secondary forest (5 to 20 year old), local traditional crops and pasture. All sites were originally highland native forest. Immediately after sampling, the soil was ice-cooled for transport and frozen at -20 °C. The samples were processed within 72 h after sampling. Soil DNA was extracted from 250 mg sample (total humid weight) using the Power Soil DNA Isolation Kit (MO BIO Laboratories Inc., Carlsbad, CA, USA), according to the manufacturer's instructions. The DNA extraction reactions were performed in triplicate for each soil sample.
PCR amplification of the archaeal 16S rRNA gene and DGGE analysis
For analysis by DGGE, the extracted DNA was amplified by a nested PCR approach using the archaeal 16S rRNA gene primers 21F and 958R (DeLong, 1992) in the first round, and the primers 340F-GC and 519R (∅vreås et al., 1997) in the second. Each 25 μL reaction mixture contained approximately 10 ng of template DNA, 1 × PCR buffer (Invitrogen, The PCR products, approximately 179 bp long, were analyzed by denaturing gradient gel electrophoresis (PCR-DGGE) on 6 % (w/v) polyacrylamide gel with a linear chemical gradient ranging from 35 to 55 % (100 % denaturant, 7 M urea, and 40 % v/v formamide). Aliquots of 1200 ng concentrated PCR products were loaded into wells of the DGGE gel and electrophoresed in 0.5 × TAE buffer at 60 °C with 175 V for 5 h, using the DGGE apparatus PhorU2 (Ingeny, Leiden, the Netherlands). After electrophoresis, the gels were washed for 30 min (in a solution of 10 % v/ v ethanol and 0.5 % v/v acetic acid), stained for 20 min in a solution (0.2 % w/v AgNO 3 ), washed in developing solution for 10 min (1.5 % w/v sodium hydroxide and 0.8 % v/v formaldehyde), washed in fixing solution for 5 min, and photographed.
The detected bands were analyzed with the Bionumerics program (Applied Mathematics, Kortrijk, Belgium), using the UPGMA algorithm (unweighted pair-group method, with an arithmetic mean) (Sneath & Sokal, 1973) and the Jaccard coefficient. The tolerance position was set at 1 % and background subtraction was applied. Both strong and weak bands were included in the analysis, thus taking into account the presence and absence of bands at specific positions. The band richness was expressed as the total number of detectable 16S rRNA gene amplicons on the DGGE profiles. The analysis of similarities (ANOSIM) for 16S rRNA gene DGGE patterns was performed considering both band presence and absence.
Selected DGGE bands were excised, macerated in sterile water and subjected to a further PCR amplification using primers 340F and 519R (∅vreås et al., 1997) . The new PCR products were purified with GFX PCR DNA and the Gel Band Purification Kit (Amersham Pharmacia Biotech, NJ, USA) and cloned into a pGEM-T Easy Vector (Promega, WI, USA) according to the manufacturer's instructions. Plasmids were isolated from Escherichia coli DH5α using standard protocols. The purified plasmids with the correct insert (length was evaluated on agarose gels) were then sequenced in both directions with universal M13 primers. Sequence analysis (GenBank accession nos. GQ847667-GQ847674) was performed using the alignment and classification tools of the Greengenes database (http://greengenes.lbl.gov). A neighbor-joining phylogenetic tree was constructed based on the alignment of nucleotide sequences using MEGA 4.0 (Tamura et al., 2007) . Bootstrap analysis was performed with the above settings with 100 replicates. For the phylogenetic tree, 10 sequences selected from the GenBank database (sequences from agricultural, mesophilic and alkaline-saline soil and marine sediment) were included.
Amplification and sequencing of archaeal amoA genes
The DNA extracted from the soil sampled in March 2008 was pooled for each land use system and archaeal amoA gene fragments (635 bp) were amplified using the PCR primers Arch-amoAF and Arch-amoAR (Francis et al., 2005) . Each 25 μL reaction mixture contained approximately 50 ng of template DNA, 1 × PCR buffer (Invitrogen, Carlsbad, CA), 5.0 mmol L -1 MgCl 2 , 0.8 mmol L -1 concentration of each deoxynucleoside triphosphate, 0.3 μmol L -1 of each forward (F) and reverse (R) primer, and 1.25 U of Taq DNA polymerase (Invitrogen). The PCR mixtures were incubated in a GeneAmp PCR System 9700 thermal cycler (Applied Biosystems) for the following amplification cycles: 95 °C for 5 min; 30 cycles consisting of 94 °C for 45 s; 53 °C for 60 s; and 72 °C for 60 s; and 72 °C for 10 min. The PCR products were purified using the Qiagen PCR purification kit (Qiagen, Valencia, CA, USA) after analysis by gel electrophoresis. The PCR products were ligated into the pGEM®-T Easy vector (Promega, Madison, WI, USA) and transformed into competent E. coli DH5α cells. A total of 306 clones were randomly selected and sequenced. Sequencing was performed using the vector primers M13F and M13R (Huey & Hall, 1989) , the DYEnamic ET Terminator Cycle Sequencing Kit (GE Healthcare, NJ, USA) and an ABI PRISM 3100 Genetic Analyzer capillary sequencer (Applied Biosystems). Libraries were constructed for the samples from primary forest (GenBank accession nos. GQ480941-GQ481023), crops (GenBank accession nos. GQ481024-GQ481095), pasture (GenBank accession nos. GQ481096-GQ481172) and secondary forest (GenBank accession nos. GQ481173-GQ481246) sites. All sequences were compared with those in the GenBank database using the BLASTn program.
Measuring diversity, and phylogenetic and statistical analyses
The nucleotide sequences were assembled and edited using Phred/Phrap/Consed (Ewing et al., 1998; Gordon et al., 1998) and nucleotide alignments were generated using ClustalX2 (Larkin et al., 2007) . Operational taxonomic units (OTUs) were defined as sequence groups in which sequences differed by ≤ 5 % (Beman & Francis, 2006) . Diversity measuresincluding rarefaction analysis, ACE, Chao1 and Jackknife nonparametric richness estimates, the Shannon-Wiener function and Simpson's index -were performed using MOTHUR (Schloss et al., 2009) , based on the nucleotide sequences.
The original nucleotide sequences were translated into amino acid sequences using the CLC Sequence R. Bras. Ci. Solo, 35:1527 Solo, 35: -1540 Solo, 35: , 2011 Viewer 6.0.2 software (CLC bio). A neighbor-joining phylogenetic tree (based on the Dayhoff PAM residue subtraction matrix and 1000 bootstraps) was constructed based on the alignment of one representative amino acid sequence of each OTU using ARB Software Environment for Sequence Data (Ludwig et al., 2004 ) and a graphical presentation was created using iTOL (Letunic & Bork, 2007) . For the phylogenetic tree, 29 sequences obtained from the GenBank database were included, which were translated into amino acid sequences (14 representative agricultural soil sequences, 12 sequences from marine sediments, 1 sequence from an activated sludge bioreactor and 2 sequences from a geothermal mine). The reference sequences were chosen to show the diversity of the sequences and to indicate the closest relatives to the sequences found in our study.
The community of archaeal ammonia oxidizers was also examined using UniFrac (Lozupone & Knight, 2005) ; this program compares phylogenetic information. Both the UniFrac distance metric and the P test were used to make comparisons of the compositional overlap between archaeal amoA clone libraries. A neighbor-joining phylogenetic tree including all 306 sequences recovered in this study was used as input file for UniFrac. The UniFrac P values were based on comparisons with 1000 randomized trees. Principal coordinate analyses (PCoA) were performed using the UniFrac branch length metric to separate the clone libraries.
RESULTS
Soil chemical properties
The soil chemical properties did not show significant differences (p > 0.05) among the samples collected under primary forest, secondary forest, crops or pasture regarding the properties analyzed in the two-year sampling period (Table 2) . However, subtle differences between land-use systems were detected. The soil pH was lower in the forests than under crops and pasture. The organic matter (OM) content in soils under crops and secondary forest was higher than at the sites under primary forest and pasture. The soil N-NH 4 + concentration was lower in soil under secondary forest than under other land-use systems. Subtle differences were also noted in the soil N-NO 3 -and total N concentrations under different land-use systems, although the N-NO 3 -concentrations were lower in primary forest soils.
DGGE analysis of archaeal community structure and sequence analysis of excised DGGE bands
Complex archaeal community fingerprints were observed with the 16S rRNA marker gene, consisting of dominant bands against a background of numerous fainter bands. The DGGE profile comparisons were designed to identify the effect of each land use system in relation to the natural forest soils (i.e. primary forest soil). Hence, soil from each of the different land uses was run on a single gel with primary forest samples and these gels were then used for cluster analysis (Figure 2 ). The ANOSIM's R values indicated that the communities in crops and pasture soils were clearly separated (R > 0.75) from those in primary forest soil. However, the archaeal communities observed in primary and secondary forest soils were barely separable (Figure 2 ).
In the cluster analysis of the PCR-DGGE groups, the banding patterns associated with triplicate PCR products analyzed by DGGE for the same sampling point clustered with 70-100 % similarity. The banding patterns obtained at three different sampling points associated with the same land use system The dendrograms showed common and specific bands in each sample group. The identification of 10 DGGE bands (Figure 3 ) confirmed the specificity of the bands amplified with Archaea-specific primers once members of the Crenarchaeota and Euryarchaeota phyla were identified. The BLASTn similarity searches were performed on all 10 sequences to identify the closest related sequences reported in other studies. Most sequences showed high sequence similarity to other cloned archaeal 16S rRNA gene sequences (identity ≥ 96 %). Archaea bands 2, 4 and 10 were also found to be only distantly related to other Archaea in the database (88, 86 and 86 % identities, respectively). Phylogenetic analysis placed all 10 sequences within the cloned archaeal 16S rRNA gene sequences, with each sequence falling into three phylogenetic clusters primarily comprising sequences retrieved from agriculture, mesophilic and alkalinesaline soils and marine sediments (Figure 4 ). Cluster A included crenarchaeotal clones (identity ≥ 88 %) originating from all four land-use systems (bands 2, 3, 6, 7, 8 and 9) . The nearest neighbors to cluster A sequences were clones obtained from agricultural and mesophilic (turf field) soils. Cluster B included two crenarchaeotal clones (Candidatus nitrososphaera; 86 % identity) originating from crops and pasture soils (bands 1 and 5). Cluster C was most distinct from clusters A and B and included two euryarchaeotal clones (86 % identity) originating from primary and secondary forest soils (bands 4 and 10). The sequences nearest cluster C were clones obtained from marine sediments.
Ammonia monooxygenase subunit A (amoA) gene sequence analysis
Of the gene encoding a subunit of the key enzyme ammonia monooxygenase (amoA) of Archaea present in the primary forest, secondary forest, crops and pasture soils, 306 sequences were recovered. BLASTn data analysis showed that all cloned inserts were similar to Crenarchaeota ammonia monooxygenase subunit A (amoA) gene clones (identity ≥ 95 %). Most of these cloned sequences were most similar to sequences recovered from tropical marine sediments by Dang et al. (2009) and agricultural soils by He et al. (2007) . From these 306 individual archaeal amoA sequences, a total of 36 unique OTUs (based on a 5 % cutoff point) was recovered. OTU richness was only lower in primary forest soils, when compared to the library from pasture soils (Table 3, Figure 5 ). Rarefaction curves for the libraries of soils under primary and secondary forest reached an asymptote at 11 OTUs and 4 OTUs, respectively. The curve plotted for the library from crop soil tended to reach an asymptote after 9 OTUs; however, the curve for the library from pasture soils suggested the existence of unsampled OTUs.
The richness estimates are presented in table 3 with the heterogeneity measures calculated by the Shannon-Wiener function and Simpson's index. The ACE, Jackknife and Chao1 nonparametric richness estimates showed the differences in the OTU richness of the archaeal amoA gene libraries numerically, by the rarefaction curves. The high values expressed by the Jackknife estimator for the libraries from the primary forest and pasture soils (17.42 and 17.00) were due to the numbers of unique OTUs (represented by only one archaeal amoA gene sequence) found in these libraries. Not only was diversity altered, but the composition of the archaeal ammonia-oxidizing communities was changed as well, as shown by pairwise comparisons (p = 0.00). The result of the principal coordinate analysis is shown in figure 6 . Graphically, the ordination of the clone libraries showed that the soil ammoniaoxidizing archaeal communities differed between landuse systems. The data variation in percent explained by the ordination axes was 79.87 % (PC1=50.58 %).
In the phylogenetic analysis of the PCR clone libraries, the archaeal amoA gene sequences recovered in this study formed two phylogenetic clades with GenBank sequences recovered from sediments and soils; they did not cluster according to land-use systems ( Figure 7) . Most of the sequences clustered in three major protein clusters (clusters A, B and C); the exceptions were two clones (GenBank accession nos. GQ481040 and GQ481041) both recovered from crop soils. Cluster A was most distinct from clusters B and C and may have been specific to crops and pasture soils. Cluster B included sequences originating from marine sediments, agricultural soil and clones retrieved in this study that originated from primary forest and pasture soils. Interestingly, cluster C included clones originating from all four land-use systems. 
DISCUSSION
The present study assessed the soil archaeal communities, including ammonia-oxidizing Archaea, in current land-use systems in discontinuous areas (landscapes) of an approximate area of 54 ha in the Brazilian western Amazon . In previous studies, these land-use systems were significantly differentiated by chemical properties of the topsoil (0-20 cm) based on an extensive list of properties and greater number of sampling points of the Inceptisols Moreira et al., 2009) . The chemical properties of the soil samples evaluated in this study (Table 2) indicated the same tendency, however they did not show significant differences between land-use systems using Tukey's test. These areas were originally highland forest , however due to differences regarding land use and intensity of management they can be considered a mosaic landscape. The natural soil cover in the Amazonian landscapes is tropical rainforest; therefore, one can assume that the composition of the soil archaeal communities before cultivation or pasture would be similar to that found in the current primary forest.
The crop sites studied here have relatively recent cropping history: one year since the beginning of the current cultivation (Table 1) . Nevertheless, the differences in ammonia-oxidizing archaeal communities observed between crop and primary forest soils were highly significant; the diversity in primary forest soil tended to be higher. Several authors have previously studied the effect on soil after forest removal to make room for crops. Moreira et al. (2009) studied the same soils considered in this study regarding their fertility and showed that agricultural soils are mainly related to high base saturation, exchangeable bases and Ca and Mg. Juo & Manu (1996) reported that in slash-and-burn agriculture, soil properties change as a consequence of the deposition of ash from the burned vegetation and increased rates of organic matter decomposition. Over time, nutrients become depleted and these properties tend to return to their previous state. Interestingly, Yrjala et al. (2004) showed that the addition of ashes to the soil microcosm leads to significant changes in the archaeal community. In this context, it is also important to consider that different plant development stages, litter quality and historical soil management practices can influence the diversity and community structure of soil-inhabiting Archaea (Hai et al., 2009; Su et al., 2010) .
Based on the amoA gene sequences analysis, our results indicated a high richness of ammonia-oxidizing Archaea in pasture soil. However, a higher diversity was detected in soil under long-standing primary forest. The community composition of ammoniaoxidizing Archaea also differed between pasture and primary forest soils. Although were slightly higher in pasture soil, our pastures had not received additional inputs through the application of N fertilizer, nor did they show significant differences when compared to primary forest regarding soil chemical and physical properties (Table 2) . Cattle pastures normally receive high N inputs through urine deposition of by grazing animals. Several studies have indicated that animal urine patches are the major source of N leaching into grazed pastures (Ledgard et al., 1999; Zaman & Blennerhassett, 2010) . The urea in urine is rapidly converted into NH 4 + and then to NO 3 -, a process known as nitrification, by the activities of soil microorganisms. These conditions are likely to have supported a greater richness in ammoniaoxidizing Archaea communities in pasture soil. Similar results for ammonia-oxidizing Archaea communities were shown by O'Callaghan et al. (2010) in response to the addition of urine to soil.
Harris (2003) and Nogueira et al. (2006) reported that measurements of the soil microbial community can be used as indicators of sustainability in many agroecosystems and in the evaluation of the impact of reforestation. The molecular data from the DGGE analysis of 16S rRNA for the Archaea domain showed that soil archaeal communities tended to become more similar to those of the primary forest when the forest was allowed to regenerate in an area under controlled agricultural use. Recent results from the same Amazon soils as in this study showed that archaeal and bacterial communities, evaluated by automated ribosomal intergenic spacer analysis (ARISA) and terminal restriction fragment length polymorphism (T-RFLP), respectively, presented similar ecological patterns to the archaeal communities in this investigation Navarrete et al., 2010) . Interestingly, Moreira et al. (2009) reported that secondary forest is similar to primary forest regarding the fertility of the Inceptisols in the upper Solimões river region.
The phylogenetic analysis of PCR clone libraries of archaeal amoA gene sequences indicated a high similarity between archaeal amoA gene sequences from secondary forest soils and sequences recovered from crop, pasture and primary forest soils (Cluster C, Figure 7) . The selection and adaptation of particular phylogenetic lineages (Nugroho et al., 2007) can potentially reflect the effects of long-term differences in growth and colonization of ammoniaoxidizing Archaea populations in the studied soils under forest regeneration. The natural fluctuations in the soil archaeal communities between the two sampling periods could not be explained, due to the inherent difficulties of a simultaneous analysis of the variability of multiple populations with relative abundance as a function of natural influences (e.g., temperature, plant growth, rainfall) over a time period.
CONCLUSIONS
1. Based on DGGE fingerprinting of the archaeal 16S rRNA gene amplified from soil DNA and archaeal gene clone library analysis of ammonia monooxygenase subunit A (amoA), archaeal community structure and diversity of ammonia-oxidizing Archaea in soils under agricultural systems of indigenous people and cattle pasture are not similar to those in soils under the current primary tropical rainforest.
2. Soil archaeal communities tend to become similar to those of primary forest when the forest is allowed to regenerate.
3. DGGE fingerprinting and clone libraries (16S rRNA and amoA genes) are useful indexes for insights into the ecology of soil archaeal communities (community structure, richness and community composition) under different land use systems and at relevant spatial scales in the western Amazon region. 4. A focus for future investigations would be longterm studies of re-colonization processes of archaeal populations in soils under regenerating forest in Amazon soils.
